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Abstract
Sand samples from the intertidal zone of beaches surrounding the Norfolk Naval Station were used
to isolate 19 diesel-degrading bacteria. The isolation of these bacteria indicates that diesel
contamination in Hampton Roads has impacted the bacterial community of its beach sands, and
these bacteria could be used as markers of diesel contamination. In addition to these isolates, 3
marine-diesel-degrading bacteria were also isolated from unfiltered, contaminated marine diesel
that was being used to test the hydrocarbon-degrading capabilities of the diesel degraders. Only
one of the marine diesel degraders, “Salmon”, can directly grow on Bushnell Haas medium with
marine diesel as the sole carbon source. The growth of the other two marine diesel degraders
depends on the presence of “Salmon” in the environment, indicating a synergistic interaction
between the three bacteria. All 22 isolates are Gram-negative, halotolerant rods that readily grow
on Zobell Marine agar. Future studies may reveal that these isolates could be used to remediate
hydrocarbon spills.
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Introduction
Oceanic crude oil spills have been widely documented due to the extent of their damage, the
amount of fuel that is spilled, and the number of spills that happen each year. However, no data
exists for the number of oceanic and coastal diesel spills that happen every year. Therefore, the
environmental impact of this fuel oil cannot be assessed. Regardless, diesel is one of the major
fuel oils used by oceanic vessels (EIA 2015). With increasing demands for energy worldwide and
no alternative energy sources widely available, diesel consumption will likely remain constant or
increase in the coming years. As such, oceanic and coastal areas across the world will continue to
be under threat of a diesel spill. Two types of diesel exist, on-road (or highway) diesel and marine
diesel oil (or off-road) (EPA 2019). On-road diesel is a toxic mixture of paraffin, cyclic alkenes,
and aromatic compounds, which can remain in sediments for a period of years (Readman et al.
2002 Chandran and Das 2011). On the other hand, marine diesel is a mixture of on-road diesel
with heavier fractions of crude oil distillates, and it contains compounds such as saturated alkanes,
aromatics, resins, asphaltenes, and waxes (Chevron 2007). The negative health effects of marine
diesel have not been found in the literature, but inhaling the fumes of on-road diesel can cause
long term effects such as respiratory disease, kidney damage, increased blood pressure, lower
blood clotting, and a higher risk of cancer (National Library of Medicine 2017). In addition to this,
skin contact with diesel fuel may damage the kidneys (National Library of Medicine 2017). Marine
diesel that is spilled in coastal areas takes one to two months to evaporate, and it kills fish,
invertebrates, and plants in that time (NOAA 2019). Marine birds can die of hypothermia due to
matted feathers that cannot insulate the animal from the cold water (NOAA 2019). Marine birds
clean their feathers with their beaks in a behavior known as “preening”, but the ingestion of the
diesel can and does kill them (NOAA 2019). Shellfish bioaccumulate the diesel and depurate it
1

over a period of weeks after initial exposure (NOAA 2019). Any animal that eats the shellfish in
this time will also ingest the toxic diesel (NOAA 2019). A method to quickly clean diesel spills is
thus necessary to prevent these adverse health effects and the environmental impact.

One such method could be the use of naturally-occurring bacteria that can degrade hydrocarbons.
This process, known as bioremediation, is not novel. Bacteria that can clean crude oil have been
used as far back as the Exxon Valdez oil spill in 1989 when the Environmental Protection Agency
added bacteria fertilizers to contaminated areas to clean the oil. The reason why bacteria have been
used to clean oil spills is because they can be very effective at degrading crude oil components.
For example, a strain of Corynebacterium variabile isolated from the Persian Gulf removed 82%
of crude oil after incubation for one week in an artificial seawater medium (Hassanshahian et al.
2014). Another example are two strains similar to Alcanivorax dieselolei and the genus
Acinetobacter that showed oil-degradation potentials of 93% and 90%, respectively (Kostka et al.
2011).

While those studies focused on bacteria that can degrade crude oil, there are other studies that have
documented diesel-degrading bacteria in the environment. It has been shown that diesel spills are
naturally attenuated by bacteria indigenous to sites of pollution (Lee et al. 2010, Sutton et al. 2013,
Palanisamy et al. 2014, Bhasheer et al. 2014, Leite et al. 2015, Morales-Guzmán et al. 2017, Titah
et al. 2018). Furthermore, the diesel-degrading capabilities of bacteria have been evaluated in
previous studies (Palanisamy et al. 2014, Zhang et al.2014, Xue et al. 2017). However, most
studies examine the bacterial community response to a diesel spill, isolate diesel-degrading
bacteria, determine which are the best diesel degraders, and occasionally make a mixed culture
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that contains the best diesel degraders isolated in the study. Using a mixed culture with only the
best diesel-degraders ignores how the complete community of diesel-degraders behaves in nature.
Using only the best diesel degraders does not show if some diesel degraders compete with one
another, if their individual degrading capabilities are augmented (cometabolism), or if the
breakdown of the hydrocarbons allows other bacteria to grow (synergy) (Júnior et al. 2011, Nzila
2013, Luo et al. 2014, Deng and Wang 2016).

The study below describes the process used to isolate 19 naturally-occurring diesel-degrading
bacteria from sand samples collected from a beach close to the Norfolk Naval Station. In addition
to these isolates, one marine-diesel-degrading bacterium isolated from unfiltered, contaminated
marine diesel is described. This bacterium shows evidence of synergy and/or cometabolism with
other bacteria. Attempts were to estimate the marine diesel degrading capabilities of this
bacterium, but these experiments were negatively impacted by the recent outbreak of COVID-19
which cancelled university classes and stopped research altogether. The study intended to graph
the amount of marine diesel that the isolates can degrade across time and their rate of diesel
degradation. Nevertheless, the possible applications of these 22 isolates are discussed as well as
the steps needed to completely characterize them and identify them.

Materials and Methods
Soil Sampling
The presence of diesel-degrading bacteria has been documented in facilities where ships are
dismantled (Titah et al. 2018). This is why the beaches surrounding the Norfolk Naval Shipyard
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were chosen as the source of the sand samples for this project. Surface sand samples were collected
in April of 2019 from the intertidal zone during the low tide around 4 PM. Samples were also
collected on the same day from the supratidal zone at the same time. The samples were transported
at 4°C on ice to slow down the growth of diesel degraders before they completely consumed any
diesel that might be present in the sand. The sand from the intertidal zone was damp when it was
received while the sand from the supratidal zone was dry. Both sand samples were stored at 4°C
for the rest of the project. Sand sample collection was done by Dr. Lou Martinette of the College
of Business of the University of Mary Washington.

Enumeration, enrichment, and isolation of bacteria
Diesel-degrading Bacteria. The research of Kostka et al. (2011) following the Deepwater
Horizon oil spill served as a guide for the enumeration, enrichment, and isolation of dieseldegrading bacteria in aerobic conditions. A minimal, full-marine medium (FMM) as described by
Widdel in the Handbook of Hydrocarbon and Lipid Microbiology served as the principal medium
used for the isolation of diesel-degraders (Widdel 2010). Sand samples were added to the FMM
one with a sterile, stainless steel spatula and then serially diluted in the medium in 10-fold dilutions
up to a 1:1000 dilution after vortexing. Marine diesel could not be obtained when the medium was
made, so on-road diesel (10% v/v) was the sole electron donor and carbon for the undiluted and
diluted sand in FMM. This sand in FMM and its dilutions were incubated for three weeks in a
laboratory fume hood. The incubation was done at room temperature because the hood’s
temperature could not be controlled. Bacterial growth was monitored through culture turbidity and
the formation of a layer at the interface between the FMM and the diesel. Controls consisted of
autoclaved FMM supplemented with sterile on-road diesel but without any sand added to them.
4

Any growth that was seen was plated on an enrichment medium and incubated at 37°C in an
incubator to obtain bacteria that grew optimally at this temperature. This growth was tried to be
isolated from the highest dilutions possible to obtain bacteria that exclusively metabolized on-road
diesel and that proliferated even with a small number of cells. This enrichment medium was Zobell
Marine agar (ZMA), which is very similar to the FMM except that it has peptone and yeast extract
accelerate. However, the high salt concentration of the medium (19.45 g/L) serves to ensure that
only marine and halotolerant/halophilic bacteria grow on the medium. Additionally, bacterial cells
from the sand samples were suspended in water and then plated on a solid version of FMM (full
marine medium agar, FMMA) consisting of FMM, 1.5% w/v agar, and 1% on-road diesel v/v.
Subsequently, bacterial colonies were transferred to ZMA to accelerate their growth. The T-streak
was used to individually isolate bacteria on ZMA. FMM with 10% on-road diesel was inoculated
with each of the isolates and incubated for another 3 weeks at room temperature to ensure that the
bacteria were diesel degraders.

Marine-Diesel-Degrading Bacteria. The marine diesel that was obtained later in the project was
contaminated with three bacteria. These contaminants grew as a layer at the interface between the
marine diesel and the liquid medium used to estimate the rate of marine diesel degradation
(Bushnell Haas medium, or BHM). This layer was plated on ZMA to assess the salt tolerance of
the contaminants. The contaminants were then individually isolated with a T-streak on ZMA.
Then, each of them was screened for marine diesel degradation with BHM supplemented with
10% v/v of marine diesel as the sole carbon source. Bacterial growth was monitored through
culture turbidity and the formation of a layer at the interface between the BHM and the marine
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diesel. Controls consisted of autoclaved BHM supplemented with sterile marine diesel. Marinediesel-degrading bacteria were then plated on ZMA and grown at 37°C in an incubator.

Marine Diesel Degradation
Pre-weighed 4 mL of BHM inside 10 mL test tubes was supplemented with 1 mL of marine diesel
to quantify the amount of marine diesel that each isolate could degrade. At the beginning of a fourweek period, twelve test tubes were inoculated with a marine-diesel-degrading bacterium. Twelve
uninoculated, autoclaved test tubes served as controls. Tubes were incubated at room temperature
for four weeks. Samples were assayed once a week by adding 2 mL of n-hexane to three inoculated
test tubes and to three control test tubes. Both the marine diesel and the n-hexane are immiscible
with the BHM, which allowed the researcher to easily pipet each of the diesel/hexane mixtures
into their own pre-weighed test tube. N2 dispensed via a Manifold tube was used to evaporate the
n-hexane, leaving behind the marine diesel. Percent degradation was determined by dividing the
mass of the marine diesel that was lost after each week of the four-week period by the initial diesel
mass. The amount of marine diesel that was lost to evaporation each week, which was determined
from the controls, was also subtracted. Further, the extraction with hexane followed by evaporation
was carried out with 4 mL of BHM immediately after it was supplemented with the 1 mL of marine
diesel to determine how much diesel is lost to the extraction itself. These experiments were
performed individually with each marine-diesel degrader and by placing them together in the same
test tube to determine the mechanism of their synergistic interaction.
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Characterization of Isolates
Gram stains were used to observe the shape of each bacterium and their Gram reaction. ZMA was
used to examine each isolate’s salt tolerance. BHM was used to determine the marine-diesel
degrading capabilities of each isolate as described above. Additional tests to be performed are
various biochemical tests and growth condition assays to characterize novel bacteria or to compare
new strains with those already described in the literature. These tests included Leifson’s flagella
stain, starch-agar plates, skim-milk agar plates, spirit blue agar, egg yolk agar, Simmons’ citrate
agar, sugar fermentation tubes (glucose, lactose, and sucrose), MR/VP broth, and peptone-iron
agar. In addition to these assays, tetramethyl-paraphenylenediamine and 3% hydrogen peroxide
would have been used to examine cytochrome c and catalase activity, respectively.

Genomic DNA Sequencing
Genomic DNA Extraction. The protocol of Vingataramin and Frost (2018) was used to extract
genomic DNA from the bacterial isolates. A single bacterial colony obtained one day after the
inoculation of ZMA was suspended in 100 µL of saline and transferred to a microcentrifuge tube.
This tube contained 450 µL of a 240 mM NaOH, 2.7 mM EDTA, 74% ethanol solution and was
mixed gently, heated to 80°C for 10 min, and centrifuged at 16,000 x g for 10 min. The supernatant
was removed, and the denatured DNA in the tube was solubilized in 100 µL of a solution
containing 0.1 mM EDTA, 50 mM Tris-HCl, pH 8.0, 1% Triton- X-100, and 0.5% Tween-20. PCR
amplification (see below) was carried out with this crude DNA extract with cellular debris.

Primers. Whole genomic DNA sequencing is the best way to identify and classify bacteria.
However, this project attempted to carry out 16S ribosomal RNA sequencing instead, due to the
7

costs associated with whole genomic sequencing (Quainoo et al. 2017). This region of the bacterial
genome has been highly conserved across time to retain proper function, which suggests that
random sequence changes are an accurate measure of time and the phylogeny of bacteria (Janda
and Abott 2007). The V2 and V3 regions of the 16S rRNA family of genes have been shown to
have the highest resolution when classifying the genus and species of a bacterium (Bukin et al.
2019). Universal primers were chosen to amplify this region of the gene. Their sequence is as
follows (Bukin et al. 2019):
16S_BV2f - AGTGGCGGACGGGTGAGTAA
16S_BV3r - AGTGGCGGACGGGTGAGTAA

PCR Amplification. The protocol of Dr. April Wynn from the Biology Department of the
University of Mary Washington was used to amplify the 16S rRNA gene. The PCR master mix
consisted of 10 µL 2x PCR Dream Taq Green PCR (MgCl2, Taq polymerase, dNTPs, and buffer),
1 µL FW primer, 1 µL RV primer, and 6 µL ddH2O. A PCR tube containing the master mix
received 2 µL of the DNA extract. Reaction conditions of the thermal cycler were as follows: 94°C
for 2 minutes, 94°C for 30 seconds, 55°C for 30 seconds, 72°C for 1 minute (go back to step 35
times), 72°C for 10 minutes, and 10°C for infinity. Gel electrophoresis was used to verify the
length of the amplified sequence, which should be around 205 bp in length (Bukin et al. 2019).

16S rRNA Gene Sequencing. Omega Bioservices was contacted to carry out the sequencing of
the 16S rRNA gene. Their sample submission guidelines detail that genomic DNA (gDNA) is
needed as input material, which was amplified with PCR (see above). At least 12.5 ng of gDNA
were needed with a minimum concentration of 5 ng/µL. DNA concentration would have been
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determined via A260/A280 measurements with a NanoDrop spectrophotometer. DNA would have
been purified using the QIAquick PCR Purification Kit (QIAGEN 2019). The binding buffer
included in the kit would have been added directly to the PCR samples, and the mixture transferred
to their spin column. Nucleic acids would adsorb to the silica membrane in the column. Nucleic
acids would then be eluted with the included low-salt buffer.

Materials, Reagents, and Medium Preparation
All materials and reagents were supplied by the Biology Department of the University of Mary
Washington and were bought with funding from grants of the College of Arts and Sciences. Diesel
and marine diesel were sterilized with a bottle-top vacuum filter with a cellulose acetate membrane
with a pore size of 0.22 μm that were a gift from Dr. Lynn Lewis. Taq polymerase was a gift from
Dr. April Wynn.

Results
Bacteria Isolates
Diesel-Degrading Bacteria. Three weeks passed before any appreciable growth could be seen on
the Full Marine Medium (FMM) 10-fold serial dilutions. This was to be expected since FMM is a
high salt medium and diesel was the sole electron donor and carbon source. In an effort to
accelerate growth and observe bacterial colonies, the FMM was solidified with 1.5% w/v agar and
1% v/v diesel. Then, the sand samples were suspended in water, vortexed, and the water was plated
on this Full Marine Medium Agar (FMMA). The growth was still slow, but bacterial colonies
could be seen on the medium after 10 days. These colonies were then plated on Zobell Marine
9

Agar (ZMA), an enrichment medium for the growth of marine bacteria (Widdel, 2010; Kostka et
al. 2011). Bacterial growth from the FMM dilutions was also plated on the ZMA. Two days passed
before bacterial colonies could be seen. These were isolated individually on ZMA with T-streaks.
A total of 19 diesel-degrading aerobic bacteria were isolated from the sand samples (Appendixes,
Figure S1-S8). Interestingly, all the isolates are Gram-negative bacteria that came from the
intertidal zone sand samples that were collected during the low tide hours. Some of their
characteristics are summarized in Table 1.
Table 1. Isolated diesel-degrading bacteria. Table includes the medium they were isolated from,
the highest dilution of those isolated from FMM, the color the colonies, their Gram-stain, and
their shape.
Nickname
Medium Dilution
Color
Gram-Stain
Morphology
A Cup of Juan FMMA
N/A
Pinkish Brown
Negative
Rod
Bourbon
FMM
101
Dark Orange
Negative
Rod
1
Chester
FMM
10
Creamy White
Negative
Coccus/Short Rod
1
Goliath
FMM
10
Creamy White
Negative
Coccus/Short Rod
Luna
FMM
101
Translucent White
Negative
Coccus/Short Rod
Mayo
FMMA
N/A
Translucent White
Negative
Rod
Messi
FMM
101
Bright White
Negative
Rod
Mustard
FMMA
N/A
Bright Yellow
Negative
Coccus/Short Rod
OJ
FMMA
N/A
Bright Orange
Negative
Rod
1
Petro
FMM
10
Translucent White
Negative
Coccus/Short Rod
1
Pomona
FMM
10
Creamy White
Negative
Coccus/Short Rod
Princess Peach FMMA
N/A
Pinkish Brown
Negative
Rod
-3
Sadie
FMM
10
Bright White
Negative
Rod
Sunshine
FMMA
N/A
Bright Yellow
Negative
Rod
1
Tadpole
FMM
10
Creamy White
Negative
Coccus/Short Rod
Tangerine
FMMA
N/A
Bright Orange
Negative
Long Rods
1
Vin Diesel
FMM
10
Translucent White
Negative
Coccus/Short Rod
White Angel
FMMA
N/A
Translucent White
Negative
Rod
Yeti
FMM
101
Solid White
Negative
Rod

Marine-Diesel-Degrading Bacteria. These 19 isolates were then screened for marine diesel
degradation with Bushnell Haas Medium (BHM), which contains all the nutrients necessary for
the growth of bacteria except for a carbon source and electron donor (Bushnell and Haas, 1941).
Some of the bacteria grew at different rates than the others, but all of them had grown on the BHM
10

after 4 days. Subsequently, each of the 19 BHM isolates was plated on ZMA to verify that the
observed growth was actually the bacterium that the tube had been inoculated with. All 19 BHM
tubes plated on ZMA grew the same three bacterial contaminants. The experiment was repeated
with vacuum-filtered marine diesel, but none of the 19 bacteria was able to grow on the BHM with
marine diesel as the sole carbon source and electron donor. Furthermore, none of the three bacteria
contaminants were recovered from the filtered diesel. However, at the suggestion of Dr. Lewis,
the contaminants were plated and isolated individually on ZMA to determine their salt tolerance.
Three marine-diesel-degrading aerobic bacteria were isolated (Figure S9-S11). Some of their
characteristics are summarized in Table 2.
Table 2. Marine-diesel-degrading bacteria isolated from the marine diesel contamination from
tubes containing diesel-degrading bacteria. Table includes the bacterium’s colony’s color,
Gram-stain, and shape visualized with the Gram-stain.
Nickname
Color
Gram-stain
Morphology
Lemon
Light Yellow
Negative
Rod
Mr. Glass
Creamy White
Negative
Rod
Salmon
Pink Orange
Negative
Rod

Characterization of Isolates
The limited characterization that was done in this study indicates that some of the isolates are
actually the same bacterium. At least 8 isolate groups are recognize based on the color of the
colonies, Gram stain reaction, morphology, and speed at which they grow on ZMA (data
summarized in Table 3, pictures in Figures S1-S8).
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Table 3. Some of the diesel-degrading bacteria isolated in this experiment are likely the same
bacterium, based on the color of the colonies, Gram-stains, morphology, and growth speed.
Isolate 1 Isolate 2 Isolate 3 Isolate 4 Isolate 5
Isolate 6 Isolate 7 Isolate 8
A Cup of
Juan

Chester

Luna
Mayo

Messi

Mustard

OJ

Goliath
Petro
Pomona
Princess
Peach

Tadpole

Vin
Diesel

Bourbon
Sadie

Sunshine

White
Angel

Tangerine

Yeti

Diesel-Degrading Bacteria. All of the diesel-degrading bacteria readily grow on ZMA at room
temperature and at 37°C, needing at least two days to grow. The function of the pigments seen in
some of these bacteria is unknown. Isolate-specific observations are listed below.
•

Unlike the other isolates (including the marine-diesel-degrading bacteria), the bacteria in the
“Isolate 2” group need only one to two days to grow on ZMA.

•

The bacterium “Sadie” is the only bacterium that was isolated from the 10-3 dilutions of the
FMM.

•

Isolates 1, 5, 6, and 7 are all pigmented (Table 1). The “Isolate 1” group has a pinkish brown
color (Figure S1). The “Isolate 5” group has a bright yellow color (Figure S5). The “Isolate 6”
group has a bright orange color (Figure S6). Isolate 7, “Bourbon”, has a translucent, dark
orange color (Figure S7).

•

Isolate 8, “White Angel”, forms translucent white colonies, but an almost transparent region
of growth surrounds each of the colonies. This transparent region of growth can be plated on a
separate ZMA plate, and it will grow in the same way as the original “White Angel” plate. This
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crown of transparent growth, a “halo” like the religious iconography, is what gave the
bacterium its name.

Marine-Diesel-Degrading Bacteria. The isolate “Salmon” is the slowest growing bacterium on
ZMA, needing at least 3 days to grow on this medium. In addition to this, its colonies are easily
separated from the ZMA when being removed with an inoculation loop. The isolates “Lemon” and
“Mr. Glass” need two days to grow on ZMA like the diesel-degrading bacteria. All three of the
marine-diesel-degrading bacteria readily grow on TSA, needing one day to grow. “Lemon” and
“Salmon” are also pigmented, having light yellow color and a pink orange color (Table 2, Figure
S9-S11). Of these three bacteria, “Salmon” is the only isolate that can directly grow in BHM
supplemented with marine diesel. The function of the pigments of “Salmon” and “Lemon” is
unknown.

Amplification of the 16S rRNA Gene
The amplification of the 16S rRNA gene had two purposes. First, it was to identify the isolates at
least to the genus level. Second, it was to determine which of the isolates were the same bacterium
to save time and resources for the four-week marine diesel degradation experiment. The extraction
of genomic DNA to amplify this gene was carried out three times with the 19 diesel-degrading
bacteria, and it failed three times (data not shown). In the first instance, no bands could be seen in
the gel. In the second instance, no bands could be seen for some of the bacteria, some had multiple
bands of different bp lengths, and some had one or two bands, but they were of the incorrect size.
In the third instance, only 2 of the 19 bacteria had bands, but the DNA had not migrated enough
through the gel to accurately determine the length of the amplified sequence. Carrying out this
13

amplification was deemed unfeasible, and more funding was received to send the diesel degraders
and marine diesel degraders to Omega Bioservices. However, classes were cancelled, and
businesses decreased their workload due to the COVID-19 pandemic and analysis was not
completed.

(Marine) Diesel Degradation
This project intended to use naturally-occurring diesel-degrading bacteria to clean marine diesel
spills. Initially, marine diesel could not be obtained, so bacteria were isolated from supratidal and
intertidal sand samples using on-road diesel. Once marine diesel was obtained, these 19 diesel
degraders were screened for marine diesel degradation. None of the diesel degraders could degrade
the marine diesel. However, the unfiltered marine diesel itself was apparently contaminated with
one bacterium that could degrade it, which was named “Salmon”. In addition to this isolate, two
other bacteria were present in this contamination, “Mr. Glass” and “Lemon”. While they seemingly
could not use the marine diesel directly (even after being suspended in the medium for weeks),
synergy was suspected since they were present in all 19 BHM tubes meant for the diesel degraders.
An experiment was designed to see if “Lemon” and “Mr. Glass” would grow when “Salmon” was
also present in the environment. Different combinations of the three bacteria in BHM with marine
diesel were made in duplicate, and plating on ZMA was used to verify which combinations allowed
“Lemon” and “Mr. Glass” to grow. The schematic for this experiment and its results are
summarized in Table 4.
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Table 4. Results from the synergy tests carried out with the marine-diesel-degrading bacteria.
Tube
Combination
Visible Growth?
Bacteria Recovered
1
Lemon
No
None
2
Mr. Glass
No
None
3
Salmon
Yes
Salmon
4
Lemon + Mr. Glass
No
Both
5
Mr. Glass + Salmon
Yes
Both
6
Lemon + Salmon
Yes
Salmon
7
Lemon + Mr. Glass + Salmon
Yes
All
No appreciable growth was seen in tubes 1, 2, and 4. Unlike tubes 1 and 2, though, both “Lemon”
and “Mr. Glass” were recovered when they were placed together in tube 4. However, it took them
one week to grow on ZMA while it would usually take them two days. This changed for tubes 5
and 6. “Mr. Glass” was also recovered from tube 5, but only needed two days to grow on ZMA.
On the other hand, “Lemon” was not recovered at all from tube 6, only “Salmon”. When the growth
from tube 7 was plated on ZMA, “Mr. Glass” needed two days to grow and one week for “Lemon”.
In all instances, it took “Salmon” at least three days to grow. These experiments indicate that
“Salmon” allows “Mr. Glass” to grow, which in turn allows “Lemon” to grow (further discussed
below). Knowing this, a four-week experiment was designed to determine how much marine diesel
these three bacteria can degrade individually and when they are placed together. The intention of
this was to determine their rate of marine diesel degradation and to shorten the amount of time that
it takes for marine diesel to evaporate from the environment. This experiment accounted for the
marine diesel lost to evaporation and the marine diesel lost to the extraction itself. Unfortunately,
the outbreak of COVID-19 allowed this experiment to be carried out only with “Mr. Glass”,
“Salmon”, and test tubes containing a combination of the two. Furthermore, the quality of the data
is questionable but still useful for drawing conclusions (discussed below).
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At the beginning of the four-week experiments, the mass of the marine diesel added to each tube
was determined from the mass of the test tube before and after the addition of the marine diesel.
Two types of samples were studied during these four weeks, control test tubes and test tubes
inoculated with bacteria. The control test tubes had two purposes, to ensure that the BHM tubes
with marine diesel were sterile and to estimate how much marine diesel was lost to evaporation.
Degradation and evaporation would both be determined after N2 evaporation by comparing the
masses of the marine diesel at the start of the four-week period and then after one week, two weeks,
three weeks, and four weeks. Moreover, no extraction procedure perfectly recovers 100% of a
product, which is why the N2 evaporation was also carried out with control test tubes immediately
after the addition of marine diesel. Therefore, the final estimate of the marine-diesel degradation
has to account for both the diesel lost to evaporation and to the extraction procedure. Experiments
showed that approximately 6.284% of the marine diesel’s mass was lost to the extraction itself
(Table 5). With this in mind, the marine diesel masses obtained from the extraction were multiplied
Table 5. Estimating how much marine diesel is lost to the extraction with hexane + N2
evaporation extraction.
Initial Diesel Mass
Diesel Mass After Procedure
Diesel Lost
Diesel Lost
0.8307 g
0.7787 g
0.0520 g
6.260%
0.8312 g
0.7976 g
0.0336 g
4.042%
0.7730 g
0.7069 g
0.0661 g
8.551%
AVERAGE
6.284%

by a factor of approximately 1.067 (obtained by dividing 100 by the 93.716% of diesel recovered)
to estimate how much marine diesel was in the test tube prior to the extraction (column 4 “100%
mass”, Tables 6-8). The estimate of the 100% mass obtained from the control tubes was used to
estimate how much marine diesel was lost to evaporation by subtracting the estimate from the
starting diesel mass (result in column 5, Tables 6-8). The marine diesel lost to evaporation was
converted to a percentage (column 6), and this percentage was averaged (column 7, Tables 6-8).
16

Table 6. Marine diesel degradation by the bacterium “Mr. Glass” one week after the inoculation of the BHM. “nCn” stands for “WeekControl-Replicate” for the control test tubes to estimate loss to evaporation. “nRn” stands for “Week-Inoculated-Replicate” for the
inoculated test tubes to estimate loss to degradation “IDM” stands for “Initial Diesel Mass”. “DMAE” stands for “Diesel Mass After
Procedure”. “100% Mass” is an estimate of the diesel mass in the replicate taking into account the 6.284% mass loss to the extraction.
“DLTE” stands for “Diesel Lost To Evaporation” in the control test tubes, calculated subtracting column 4 from column 2. “ALTE”
stands for “Average Lost To Evaporation” in the control test tubes. “MLTE” stands for “Mass Lost To Evaporation” in the inoculated
test tubes estimated from the “ALTE” in column 7. “DL” stands for “Diesel Loss” in the inoculated test tubes, obtained by subtracting
column 3 from column 2. “LAE” stands for “Loss Accounting Evaporation” in the inoculated test tubes, obtained by subtracting
column 8 from column 9. “DD” stands for “Diesel Degradation”, calculated from columns 10 and 2.
Tube IDM (g) DMAP (g) 100% Mass (g) DLTE (g) DLTE (%) ALTE (%) MLTE (g) DL (g) LAE (g) DD (%)
1C1
0.7597
0.7286
0.7775
-0.0177
-2.338
–
–
–
–
1C2
0.9080
0.8999
0.9602
-0.0522
-5.754
-4.034
–
–
–
–
1C3
0.8357
0.8146
0.8692
-0.0335
-4.012
–
–
–
–
1R1
0.7816
0.7362
0.7856
–
–
–
-0.032
-0.0040 0.0275
3.527
1R2
0.8650
0.8219
0.8770
–
–
–
-0.035
-0.0120 0.0229
2.645
1R3
0.8775
0.8330
0.8889
–
–
–
-0.035
-0.0114 0.0240
2.740
1
2
3
4
5
6
7
8
9
10
11

This average was converted to a multiplication factor that was used to estimate how much marine diesel was lost to evaporation in each
of the inoculated test tubes in the same period as the control test tubes. The results of this conversion are in column 8 (Tables 6-8). Then,
this mass that was lost to evaporation in the control test tubes was subtracted from the overall loss of marine diesel in the inoculated test
tubes (overall marine diesel loss in column 9, Tables 6-8). This provided a loss of marine diesel accounting for evaporation (column 10,
Tables 6-8). This loss was then compared to the initial mass of marine diesel to estimate how much marine diesel was lost bacterial
degradation.
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Table 7. Marine diesel degradation by the bacterium “Salmon” two and three weeks after inoculation of the BHM. “nCn” stands for
“Week-Control-Replicate” for the control test tubes to estimate loss to evaporation. “nRn” stands for “Week-Inoculated-Replicate”
for the inoculated test tubes to estimate loss to degradation “IDM” stands for “Initial Diesel Mass”. “DMAP” stands for “Diesel Mass
After Extraction”. “100% Mass” is an estimate of the diesel mass in the replicate taking into account the 6.284% mass loss to the
extraction. “DLTE” stands for “Diesel Lost To Evaporation” in the control test tubes, calculated subtracting column 4 from column
2. “ALTE” stands for “Average Lost To Evaporation” in the control test tubes. “MLTE” stands for “Mass Lost To Evaporation” in
the inoculated test tubes estimated from the “ALTE” in column 7. “DL” stands for “Diesel Loss” in the inoculated test tubes, obtained
by subtracting column 3 from column 2. “LAE” stands for “Loss Accounting Evaporation” in the inoculated test tubes, obtained by
subtracting column 8 from column 9. “DD” stands for “Diesel Degradation”, calculated from columns 10 and 2.
Tube IDM (g) DMAP (g) 100% Mass (g) DLTE (g) DLTE (%) ALTE (%) MLTE (g) DL (g) LAE (g) DD (%)
2C1
0.8499
0.7435
0.7934
0.0565
6.653
–
–
–
–
2C2
0.8476
0.5062
0.5401
0.3075
36.27
20.19
–
–
–
–
2C3
0.8389
0.6475
0.6909
0.1480
17.64
–
–
–
–
2R1
0.8581
0.7739
0.8258
–
–
–
0.1732
0.0323 -0.1409
-16.42
2R2
0.8446
0.7666
0.8180
–
–
–
0.1705
0.0266 -0.1439
-17.04
2R3
0.8234
0.7061
0.7534
–
–
–
0.1662
0.0700 -0.0963
-11.69
3C1
0.8469
0.7900
0.8430
0.0039
0.4633
–
–
–
–
3C2
0.8462
0.8098
0.8641
-0.0179
-2.116
-0.9009
–
–
–
–
3C3
0.8660
0.8201
0.8751
-0.0091
-1.050
–
–
–
–
3R1
0.8187
0.7357
0.7850
–
–
–
-0.0074
0.0337
0.0410
5.013
3R2
0.8276
0.7600
0.8110
–
–
–
-0.0075
0.0166
0.0241
2.911
3R3
0.8567
0.7692
0.8208
–
–
–
-0.0077
0.0359
0.0436
5.094
1
2
3
4
5
6
7
8
9
10
11
However, it is readily apparent when one looks at the values of “100% mass” conversion that this procedure has some problems. These
problems will be further discussed below. At the moment it will suffice to say that this conversion overestimates the amount of marine
diesel that was in the test tube prior to the extraction. Then, when this value is used for the following calculations, impossible negative
values will appear because the “100% mass” is higher than the initial marine diesel mass (column 5, Tables 6-8). This overestimation
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of marine diesel evaporation is not seen in only one instance of the experiment, for the control test tubes for the second week of “Salmon”
(column 5, Table 7). Nevertheless, the amount of marine diesel that was lost to evaporation is considerably higher than that of the other
experiments, suggesting error (column 5, Tables 6-8).
Table 8. Marine diesel degradation by the bacteria “Mr. Glass” and “Salmon” one week after the inoculation of the BHM. “nCn”
stands for “Week-Control-Replicate” for the control test tubes to estimate loss to evaporation. “nRn” stands for “Week-InoculatedReplicate” for the inoculated test tubes to estimate loss to degradation “IDM” stands for “Initial Diesel Mass”. “DMAP” stands for
“Diesel Mass After Extraction”. “100% Mass” is an estimate of the diesel mass in the replicate taking into account the 6.284% mass
loss to the extraction. “DLTE” stands for “Diesel Lost To Evaporation” in the control test tubes, calculated subtracting column 4 from
column 2. “ALTE” stands for “Average Lost To Evaporation” in the control test tubes. “MLTE” stands for “Mass Lost To
Evaporation” in the inoculated test tubes estimated from the “ALTE” in column 7. “DL” stands for “Diesel Loss” in the inoculated
test tubes, obtained by subtracting column 3 from column 2. “LAE” stands for “Loss Accounting Evaporation” in the inoculated test
tubes, obtained by subtracting column 8 from column 9. “DD” stands for “Diesel Degradation”, calculated from columns 10 and 2.
Tube IDM (g) DMAP (g) 100% Mass (g) DLTE (g) DLTE (%) ALTE (%) MLTE (g) DL (g) LAE (g) DD (%)
1C1
0.7864
0.7536
0.8041
-0.0177
-2.255
–
–
–
–
1C2
0.8713
0.8455
0.9022
-0.0309
-3.546
-2.674
–
–
–
–
1C3
0.8329
0.7979
0.8514
-0.0185
-2.222
–
–
–
–
1R1
0.7899
0.7539
0.8045
–
–
–
-0.0211
-0.0146 0.0066
0.8317
1R2
0.846
0.8063
0.8604
–
–
–
-0.0226
-0.0144 0.0083
0.9759
1R3
0.8141
0.7646
0.8159
–
–
–
-0.0218
-0.0018 0.0200
2.457
1
2
3
4
5
6
7
8
9
10
11
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Discussion
Soil Sampling of Diesel-Degrading Bacteria
The intertidal zone is an area where the ocean meets land, covered in water during high tides and
exposed to the air during low tides (U.S. Department of Commerce & NOAA, 2018). On the other
hand, the supratidal zone (also known as supralittoral zone and “spray” zone) is the area directly
above the high tide line and below dry land, being underwater only during storms (MarineBio,
2020). In this project, the diesel-degrading bacteria were isolated exclusively from the intertidal
zone sand samples. This suggests that the bacteria may have been deposited in the sand during the
high tide. If the bacteria had been brought from the land, then they could have also been isolated
from the supratidal zone samples. To corroborate this, additional sand samples should be taken
from the infratidal zone (beach zone located below the low tide line) and from the seawater itself
(MarineBio, 2020). If any of the 19 isolates can be retrieved from such samples then it would
indicate that the bacteria were deposited in the intertidal zone by the ocean. Nevertheless, the 19
bacteria isolated in this study could be used as markers of diesel contamination in coastal regions.

Identity of the Isolates
None of the isolates could be successfully identified because the amplification of the 16S rRNA
amplification could not be carried out. The reason for this failure is unknown. The primers used
were universal primers (Bukin et al. 2019). This suggests that the primers had no target sequence
to bind to, which in turn suggests that the isolates may be novel bacteria. However, this is only
speculation for a situation in which systematic error is the more likely explanation. Some of the
reagents needed to carry out the DNA extraction were prepared in-house. An incorrect preparation
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could have caused the failure of the PCR amplification. Therefore, the 16S rRNA sequencing (or
whole genome sequencing) should be a goal of future studies involving these bacteria. In addition
to this, the planned biochemical tests should be carried out to both aid in the identification of the
bacteria and to begin to characterize any novel bacteria (see Materials and Methods). Nevertheless,
based on the limited information available, it is speculated that the following bacteria could be the
identity of the isolates:
•

Isolate 1 – Marinobacter hydrocarbonoclasticus (from Gauthier et al. 1992). This
hydrocarbon-degrading bacterium has risen to prominence in the past decade due to the studies
that have documented its ability to produce surfactants that enhance the solubilization of crude
oil (Zenati et al. 2018). M. hydrocarbonoclasticus was isolated from Mediterranean seawater
near a petroleum refinery. It is a Gram-negative, aerobic rod that grows in NaCl concentrations
of up to 3.5 M. On marine agar with 0.6 M NaCl at 32°C, the colonies of this bacterium are
smooth, convex and white with regular edges. After 1 week of incubation, the colonies become
a rosy beige color. The bacteria in the “Isolate 1” group could be this bacterium (Table 3). The
colonies of this bacteria should be monitored to determine if they acquire their pinkish brown
color after one week, or if they always have this color. Further, oxidase, cytochrome oxidase,
catalase, tweenase, and lecithinase tests should be carried out with these two isolates because
M. hydrocarbonoclasticus exhibits activity of these enzymes. Further, the strain M.
hydrocarbonoclasticus isolated in the research of Gauthier et al. did not present agarase,
gelatinase, amylase, urease, phosphatase, esculinase, DNase, arginine dihydrolase, lysine
decarboxylase, and ornithine decarboxylase activities. Carrying out biochemical tests to
determine if the “Isolate 1” group of bacteria has these enzymes would provide more evidence
as to whether they are M. hydrocarbonoclasticus.

21

•

Isolate 2 – No bacteria found in the literature.

•

Isolate 3 – Alcanivorax venustensis (from Fernandez-Martinez et al. 2003). The paper that first
isolated this hydrocarbon-degrading bacterium from the Mediterranean Sea describes two
strains as being Gram-negative, straight rods that are strictly aerobic chemoheterotrophs.
Designated ISO1 and ISO4, these strains produce small (<1 mm), regular shaped, translucent,
and non-pigmented colonies. The two strains in this study were able to grow at temperatures
ranging from 4 to 40°C. These strains were strictly halophilic and could survive in salt
concentrations of up to 20%, albeit with weak growth ([NaCl] of ZMA is 0.30 M). These
strains were oxidase- and catalase-positive. The bacteria in the “Isolate 3” group could be this
bacterium (Tables 1 and 3). Future studies have to determine whether these bacteria are strict
halophiles or not and if they are oxidase- and catalase-positive.

•

Isolate 4 – No bacteria found in the literature.

•

Isolate 5 – Alcaligenes aquatilis (from Van Trappen et al. 2005). One of the strains in the study
that first isolated this marine bacterium, ATCC 700596, is described as a Gram-negative short
rod like the isolate “Mustard” (Van Trappen et al. 2005). However, this study did not identify
any hydrocarbon-degrading capabilities (Van Trappen et al. 2005). Two subsequent studies
isolated two strains independently that had this capability (Durán et al. 2019a, Durán et al.
2019b, Mahjoubi et al. 2019). The strain from the first study, denominated QD168, was
isolated from sediments contaminated with crude oil from Quintero Bay in Chile (Durán et al.
2019a). This strain has 16 pathways for the catabolism of aromatic hydrocarbons (Durán et al.
2019b). In addition to this, it has been shown to easily tolerate salt concentrations of up to 10%
NaCl R2A medium (Durán et al. 2019b). The strain from the other study is named BU33N
(Mahjoubi et al. 2019). This strain produces biosurfactants, which can be verified using with
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blood agar (Mahjoubi et al. 2019). Full genome sequencing or 16S rRNA sequencing is
recommended to identify this bacterium because these three strains have different reactions for
the same biochemical tests such as catalase, cytochrome c oxidase, and nitrate and nitrite
reduction (Van Trappen et al. 2005, Durán et al. 2019b, Mahjoubi et al. 2019). If a novel
isolated strain was isolated, then it may have its own reactions to the tests.
•

Isolate 6 – No bacteria found in the literature.

•

Isolate 7 – No bacteria found in the literature.

•

Isolate 8 – Alcanivorax dieselolei (from Liu and Zhao 2005). Two strains of this bacterium
were first isolated from the surface water of the Bohai Sea and the deep-sea sediment of the
Pacific Ocean. Its species name “dieselolei” represents the artificial sea water medium
enriched with diesel fuel that was used to isolate the bacterium. Both strains, named B-5(T)
and NO1A, are described as halophilic, aerobic, Gram-negative, non-spore-forming rods with
motile, lophotrichous cells. The description of their colonies on HLB agar is really similar to
what was observed in the isolate “White Angel” (Table 1). The colonies are small, translucent,
non-pigmented, and they have irregular, transparent, and halo-like peripheries. The authors say
that their strains of A. dieselolei actively degrade Tween 80, are catalase- and oxidase-positive,
and are negative for agarose, arginine dihydrolase, amylase, and gelatinase. These tests should
be carried out with the isolate “White Angel” to help determine if it is A. dieselolei.

•

Salmon – No bacteria found in the literature.

Synergy
The results summarized in Table 4 pose one the most interesting questions of this project. Do the
isolates “Salmon”, “Mr. Glass”, and “Lemon” have synergistic interaction when they are found
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together in the environment? A synergistic interaction between bacteria is one in which two or
more bacteria cooperate and promote the growth of each another (Júnior et al. 2011). It has been
shown that positive interactions and synergistic growth depend on the complexity of the substrate,
which marine diesel definitely is (Readman et al. 2002, Chevron 2007, Chandran and Das 2011,
Deng and Wang 2016). To answer this question, the results from Table 4 must be examined in
detail.
The results from tube 4 are quite interesting. No appreciable growth was seen in the BHM, and the
tube’s turbidity was the same as that of autoclaved controls. Yet, both bacteria were recovered
from the tube. However, colonies of “Lemon” and “Mr. Glass” were seen on ZMA one week after
they were plated. This suggests two things. First, there were too few “Lemon” and “Mr. Glass”
cells in tube 4 to grow in two days like they usually do. Second, that the bacteria remain inert in
the marine diesel but are unable to use it. Things changed slightly when “Salmon” was present in
the environment, as was the case in tube 7. When the growth from this tube was plated on ZMA,
“Mr. Glass” grew in two days like it usually does. This was also seen for “Mr. Glass” in tube 5.
Thus, the results from tubes 5 and 7 indicate that “Mr. Glass” needs “Salmon” in the environment
to actively grow. Interestingly, the “Lemon” cells recovered from tube 7 still needed one week to
grow, but at least some cells were recovered unlike in tube 6. The results from tubes 6 and 7
indicate two things. First, that the presence of “Salmon” alone is not enough for “Lemon” to
actively grow. Second, that in order for “Mr. Glass” to grow, it needs for “Salmon” to be present
in the environment, and in order for “Lemon” to grow (albeit slowly), it needs for “Mr. Glass” to
be actively growing in the environment. Therefore, the results indicate that the degradation of
marine diesel by “Salmon” enables “Mr. Glass” to grow, and the growth of “Mr. Glass” enables
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“Lemon” to grow, meaning that synergy did take place. How this synergy functions cannot be
answered, though, but four possible explanations have been identified:
1. Cometabolism. Cometabolism occurs when a bacterial enzyme can break down compounds
that are not used in the bacterium’s metabolism (Nzila 2013, Luo et al. 2014). Knowing this,
“Salmon” could externally break down the complex hydrocarbons in marine diesel and
produce compounds that it does not or cannot intake. However, “Mr. Glass” can absorb them
and metabolize them. In turn “Mr. Glass” could further breakdown the compounds produced
by “Salmon” and generate compounds that “Lemon” can intake and metabolize. If this is true,
then the products of the breakdown of marine diesel in different treatments should be studied.
These treatments would include the inoculation of marine diesel with “Salmon”, with
“Salmon” and “Mr. Glass”, and with the three bacteria. Then, the chemical composition of the
marine diesel should be studied to see which products are present in the three treatments. If
there is any cometabolism, then the levels of marine diesel degradation should stay the same,
but there would be a greater fragmentation of products.
2. Predation or scavenging. “Mr. Glass” feeds on “Salmon” cells, and in turn “Lemon” could
feed on “Mr. Glass” cells. If either “Mr. Glass” or “Lemon” feeds on live “Salmon” cells, then
future research should observe a decrease in marine diesel degradation by “Salmon”. In
addition to this, “Mr. Glass” and/or “Lemon” should be able to grow in an environment in
which “Salmon” cells are the only nutrient.
3. Production of Biosurfactants. “Salmon” could alter the environment in a way that allows the
other two bacteria to grow, such as with the production and release of a biosurfactant. The
biosurfactant would allow the marine diesel to mix with water and promote the adhesion of
“Mr. Glass” and/or “Lemon” to the marine diesel’s hydrocarbons (Amer et al. 2015, Zenati et
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al. 2018). The miscibility of the marine diesel with water and BHM should be tested in
treatments containing “Salmon”, “Salmon” and “Mr. Glass”, and all three bacteria to determine
if any of them produce a biosurfactant. Further, if a biosurfactant is produced then there should
be increased marine diesel degradation because the other two bacteria would be growing on
the diesel directly.
4. Production of Metabolites. “Salmon” produces and releases a metabolite such as a protein,
carbohydrate, or lipid that “Mr. Glass” uses to grow. In turn, “Mr. Glass” produces a metabolite
that allows “Lemon” to grow. If “Mr. Glass” and “Lemon” are growing using a metabolite
produced by “Salmon”, then one should observe the same levels of marine diesel degradation
because the bacteria are not using the marine diesel directly. Future research should study the
chemical composition of the BHM and the marine diesel to determine if any metabolites are
being released by “Salmon” and/or “Mr. Glass”.
In reality the real reason for this behavior could be a combination of these four hypotheses, and all
should be tested in future marine diesel degradation studies involving these three bacteria.

Marine Diesel Degradation
This project could not accomplish its ultimate goal, which was determining the rate of marine
diesel degradation for marine-diesel-degrading bacteria. The inability to work in the laboratory
due to the COVID-19 outbreak impeded the four-week experiment from being carried out with the
isolate “Lemon” and with tubes inoculated with the three marine-diesel degraders. In addition to
this, the four-week experiment was not completed for “Mr. Glass”, “Salmon”, and the tubes
containing both bacteria. As mentioned above, this meant that no data could be gathered about
how “Lemon” behaves on its own in the BHM. In addition to this, no data could be gathered about
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how the marine diesel degradation by “Salmon” changes when “Mr. Glass” and “Lemon” are
present in the environment.

Whatever little data was gathered is not very helpful, either. Two assumptions have to be made
when the marine diesel degradation is estimated as detailed in the Results section. The first
assumption is that the same amount of marine diesel will always be lost to the hexane extraction
with N2 evaporation. The error associated with this assumption was attempted to be minimized by
averaging the marine diesel loss from practice extractions (Table 5). However, when this average
diesel loss was used as a multiplication factor (93.716% marine diesel recovery), the “100% mass”
of marine diesel is higher than the mass at the beginning of the four-week period (columns 2 and
4, Tables 6-8). Even when the highest possible multiplication factor is used for this calculation
(95.958% recovery in Table 5), the negative values remain (data not shown). The immediate
conclusion that one thinks about is that the marine diesel gained mass instead of evaporating.
However, the mass of the test tubes was measured prior to carrying out the extraction with hexane
and evaporation with N2, and the mass of the marine diesel control tubes decreased after every
week (data not shown). This could because the BHM itself evaporated, because the marine diesel
evaporated, or both. It is impossible to determine which one, and this is why the hexane extraction
with N2 evaporation also had to be carried out with the control tubes. The apparent increase in
mass in the marine diesel determined from the calculations suggests that it may have absorbed
something from the environment. This seems unlikely since marine diesel naturally evaporates in
the environment (NOAA 2019). Any changes in the chemical composition of the marine diesel
should be tested (with GC-MS for example) to verify if it indeed gained mass.
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Alternatively, the extractions could have become more successful at extracting marine diesel as
more experience was gained after each extraction. Evidence from the three four-week experiments
suggests that this may have happened. The first set of extractions that were carried out were those
of the controls second week of “Salmon” (Table 7). The extractions for these controls saw the
greatest decrease in marine diesel mass since the beginning of the four-week period, a 12.51% 40.27% decrease in mass (column 2, Table 7). However, the extractions for inoculated bacteria for
the same experiment had a decrease in mass of 7.80% - 14.24% (column 2, Table 7). The last set
of extractions carried out were those for the first week of the test tubes containing both “Mr. Glass”
and “Salmon”. The control test tubes for this experiment saw a loss of marine diesel loss between
3.50% - 4.17% (column 2, Table 8). The inoculated test tubes for this experiment saw a loss of
marine diesel between 4.56% - 6.08% (column 2, Table 8). Two things are apparent from these
four pieces of information. The first thing is that the extractions for the controls for the second
week of “Salmon” had an elevated loss of marine diesel, possibly due to systematic error since no
other marine diesel losses were this great. The second thing is that the disparity in marine diesel
losses between controls and inoculated test tubes is more pronounced in the tubes containing
“Salmon” than in the tubes containing both “Mr. Glass” and “Salmon”. This suggests that
extractions became progressively better with time. The procedure has to be repeated with practice
hexane extractions with N2 evaporation to see if the researcher recuperates more than 93.716% of
the marine diesel mass. If this is the case, then it can be concluded that the error and the apparent
increase in mass was due to an overestimation of the marine diesel present in the test tube prior to
the procedure. Furthermore, one has to determine if marine diesel can and does evaporate from the
test tubes with an evaporation experiment. Simply letting the marine diesel rest in a fume hood at
room temperature will suffice. If the marine diesel does not evaporate, then the chemical
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composition of the marine diesel at the start of the evaporation experiment has to be compared
with the chemical composition at the end of the evaporation experiment.

Overall, this method for the estimation of marine diesel degradation seems to lack robustness. For
the sake of clarity all the steps at which error can be introduced will be listed. First, error can be
introduced if the test tubes are mishandled, and mass is accidentally modified. The small masses
and quantities that are being worked with in the calculations will be susceptible to apparently small
disparities. Second, error can be introduced if the BHM is not prepared accurately, and bacterial
contaminants are introduced. Third, marine diesel has to be transferred from one tube to another
by dissolving it in n-hexanes. If the marine diesel is not properly pipetted after the n-hexanes are
added, then there could be significant marine diesel loss. Fourth, n-hexane was chosen as the
solvent for the marine diesel because it can be evaporated by the N2. The extraction was stopped
when the n-hexane in other tubes is evaporated. However, this merely suggests when to stop the
evaporation. The n-hexane could still remain in the marine diesel. Therefore, an alternative method
for the estimation of diesel degradation could and should be used. One method could be comparing
the chemical composition of the marine diesel at the start of the four-week period and after every
week afterwards following the inoculation. The ratio of initial hydrocarbons and metabolites,
determined through GC-MS, could be used to estimate marine diesel degradation.

Conclusion
Several important questions remain unanswered now that the project has concluded. How does the
presence of “Mr. Glass” and “Lemon” in the environment affect the degradation of marine diesel
by “Salmon”? What is the mechanism of the synergistic interaction of the three marine diesel
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degraders? Does the synergy occur because any of the bacteria produce biosurfactants? Does
“Lemon” have a very slow growth on marine diesel? What was the evaporation rate of the marine
diesel used in this study? Did the marine diesel gain mass instead of evaporating? How does the
chemical composition of marine diesel change when it is degraded by the marine diesel degraders?
Can the marine diesel degraders degrade on-road diesel? Can any of the 22 isolates degrade crude
oil? What is the rate of their on-road/marine diesel degradation? Do the pigments have any function
for a biochemical process? What is the identity of the 22 isolates? Do the increased numbers of
these bacteria due to diesel contamination negatively impact the environment? For the time being,
they will remain unanswered, and they should be investigated in future studies involving these
bacteria.

Nevertheless, important information was gathered. It was demonstrated that diesel-degrading
bacteria are present in the beaches surrounding the Norfolk Naval Station, which indicates that
diesel is present in the environment. This information could be used to assess the water quality of
the beaches surrounding the naval station. Moreover, the diesel-degrading isolates could be used
as markers of diesel contamination. However, their most important use could be in the remediation
of coastal diesel spills since they are halotolerant, and maybe even halophilic in the case of the
bacteria in the “Isolate 2” group. Their diesel-degrading capabilities have to be determined
individually and together as well as which products they release when they degrade diesel.
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Author’s Note
When I decided to study infectious diseases, I promised to myself that all the projects that I worked
in would have a positive effect on the world. I wanted to help as many people as I can by focusing
on one problem that affects people across the world. This is why my first project proposal was
broad, too ambitious for the undergraduate level. I wanted to work with diseases, things like
toxoplasmosis, MRSA, or infectious viral diseases. I soon realized that this was unfeasible, and I
moved on to topics that are personally interesting such as Cordyceps fungi. This too was
impossible to study in the undergraduate level, but I did not give up. I wanted to help the world
somehow, even with the limitations of my level of studies. Then one day I thought to myself:
“What is the point of helping people live longer if the world they live in disappearing due to human
action?” I decided that my research project would have an environmental focus. I asked myself
what was the simplest but coolest thing that I could do with bacteria to try to solve an
environmental problem. I do not know why I chose crude oil spills, but I loved the idea. I thought
to myself that I could provide a solution for this problem with my project.

Nothing has tested my patience as much as this project has. It was supposed to be such a simple
project. Get sand samples, put them in a growth medium, isolate bacteria, and determine how much
crude oil they can degrade. It was supposed to be straightforward, but it was not the case. There
were setbacks since day one when the Full Marine Medium did not have the appropriate pH. These
little setbacks made the project feel like if I was walking on a sand dune. Every step that I took
upwards dragged me down two steps. I did not have the forethought of the some of the things I
would have to deal with. Things like needing to dry the ZMA plates for two days before I could
use them, the FMM turning red for unknown reasons, ordering the wrong chemicals, and whole
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procedures like the PCR failing completely. I questioned myself, thinking that I was not being
good enough, and that I was merely improvising my way through everything. Then, the
coronavirus happened, and I could not go into the lab, which meant that my project was effectively
cancelled. I was very disappointed. At the moment it felt that all my efforts had been for nothing.
I would write the skeleton of what should have been one of the proudest achievements of my
university life. Part of me did not want to write it. Yet, I knew that I had to do what I could with
what I had.

I realize now that yes, I was improvising my way through everything. I don’t mean that as a bad
thing. Yes, the project tested my patience but in doing so it made me more patient. The project
taught me that science and research won’t be easy. Your plans and your proposals are merely a
guide that you try your best to adhere to. As much as you plan for the future, there will always be
things that you overlook. You will lose time. You will feel like you are focusing on the wrong
things, and that there are more urgent things that you should give your attention to. You will realize
better approaches to a problem after you have already solved it. You will regret the things that you
could have done, but now you can’t do. However, what matters is how one reacts to these
problems. One has to keep going, solving one problem at the time and then moving on to the next
one. Then, you will have the solution for those problems when they come again.

This project showed what the life of a scientist has in store for me. Things won’t go the way that I
want them to go, and I will have surprises along the way. This is fine, and I know that it will be
fine because I will have the patience to go through it all. But most importantly, this project gave
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me something to be proud of. I isolated bacteria that can degrade diesel. They are mine, and no
one can take that away from me. I just hope that they can be used for good.
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Appendixes
Diesel-Degrading Bacteria

Figure S1. The diesel-degrading bacteria of the “Isolate 1” group: “A Cup of Juan” and “Princess Peach”.
Notice the beige color of the colonies.

Figure S2. The diesel-degrading bacteria of the “Isolate 2” group: “Chester”, “Goliath”, “Pomona”, and
“Tadpole”. Notice the width of the streaks compared to that of the other isolates.
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Figure S3. The diesel-degrading bacteria of the “Isolate 3” group: “Luna”, “Mayo”, “Petro”, “Vin Diesel”,
and “Yeti”.

Figure S4. The diesel-degrading bacteria of the “Isolate 4” group: “Messi” and “Sadie”.
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Figure S5. The diesel-degrading bacteria of the “Isolate 5” group: “Mustard” and “Sunshine”. Notice the
bright yellow color.

Figure S6. The diesel-degrading bacteria of the “Isolate 6” group: “OJ” and “Tangerine”. Notice the bright
orange color.

Figure S7. “Bourbon”, the seventh isolate of the diesel degrading bacteria. The orange pigmentation of this
bacterium is different than that of the bacteria in the “Isolate 6” group.
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Figure S8. “White Angel”, the eighth isolate of the diesel-degrading bacteria. The halo is just barely visible
in the area pointed by the arrow.
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Marine-Diesel-Degrading Bacteria

Figure S9. The marine-diesel-degrading bacterium “Lemon”.

Figure S10. The marine-diesel-degrading bacterium “Mr. Glass”.
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Figure S11. The marine-diesel-degrading bacterium “Salmon”. The color in this picture has been
artificially saturated to show the pink orange color of the bacterium.
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